Cell migration is a major process that drives metastatic progression of cancers, the major cause of cancer death. Existing chemotherapeutic drugs have limited efficacy to prevent and/or treat metastasis, emphasizing the need for new treatments. We focus on triple negative breast cancer (TNBC), the subtype of breast cancer with worst prognosis and no standard chemotherapy protocols. Here we demonstrate that a group of natural compounds, known as phytochemicals, effectively block migration of metastatic TNBC cells. Using a novel cell micropatterning technology, we generate consistent migration niches in standard 96-well plates where each well contains a cell-excluded gap within a uniform monolayer of cells. Over time, cells migrate into and occupy the gap. Treating TNBC cells with non-toxic concentrations of phytochemicals significantly blocks motility of cells. Using a molecular analysis approach, we show that anti-migratory property of phytochemicals is partly due to their inhibitory effects on phosphorylation of ERK1/2. This study provides a framework for future studies to understand molecular targets of phytochemicals and evaluate their effectiveness in inhibiting metastasis in animal models of cancer.
Introduction
Triple negative breast cancer (TNBC), defined by lack of estrogen and progesterone receptors and amplification of human epidermal growth factor receptor 2 (ERÀ, PRÀ, HER2À), is the most aggressive subtype of breast cancer.
1,2 TNBC does not respond to the most effective treatments for breast cancer: targeted endocrine therapies such as tamoxifen or aromatase inhibitors and HER2-directed therapy such as trastuzumab for ER+, PR+ and Her2+ disease, respectively. 3 According to the National Cancer Institute, TNBC constitutes about 15% of breast cancers yet claims disproportionally more lives compared to other subtypes, especially among younger women and African-Americans.
system and within secondary sites in distant organs to form metastases. Histopathological examinations of tumor specimens show collective and individual migration of cancer cells, further highlighting the importance of cell migration in metastasis. 12, 14 Therefore, blocking cell migration can potentially inhibit or reduce metastatic progression of TNBC. Benefits of blocking cell migration were demonstrated recently using a novel organic inhibitor of an actin-bundling protein to block cellular motility and inhibit metastasis in a mouse model of breast cancer. 15 However, standard chemotherapeutics mainly induce programmed cell death in rapidly dividing cancer cells through mechanisms including inhibition of cell division and interruption of DNA/RNA synthesis, and do not necessarily block cell motility. Therefore, tumor cells surviving or resisting chemotherapy can undergo migration and invasion to develop metastases. The goal of this work is to examine inhibitory effects of a collection of natural compounds, phytochemicals, against migration of metastatic TNBC cells. Our rationale is based on several studies that show certain phytochemicals downregulate various malignant phenotypes of different cancer cells in vitro and prevent chemically-induced tumor formation and metastasis in animal models. [16] [17] [18] [19] [20] [21] Dietary phytochemicals such as curcumin, resveratrol, capsaicin, fisetin, epigallocatechin gallate (EGCG), 6-gingerol, indole-3-carbinol, and quercetin have shown a broad range of effects including apoptotic, anti-proliferative, anti-migratory, anti-invasive, and anti-angiogenic against various cancer cells. 20, [22] [23] [24] Therefore, phytochemicals may offer a new source of experimental drugs. The low rate of approval of new anti-cancer drugs emphasizes this need. 25 Despite general consensus about anti-cancer properties of phytochemicals, there is a lack of systematic investigations to identify inhibitory effects of phytochemicals on migration of metastatic cancer cells including TNBC cells.
To address this need, we utilized our high throughput cell migration assay technology and screened efficacy of ten phytochemicals against migration of two aggressive TNBC cell lines. Our cell migration technology is based on the use of a polymeric aqueous two-phase system with polyethylene glycol (PEG) and dextran (DEX) as phase-forming polymers. 26 A drop of the aqueous DEX phase is printed on the surface of each well of a 96-well plate and allowed to dehydrate to a disk. Cells are mixed with the aqueous PEG phase and added to each well. The DEX phase disk rehydrates back to a drop that remains immiscible from the aqueous PEG phase and prevents cells from adhering to its underlying surface. This results in a cell-excluded gap within a monolayer of adhered cells. The gap serves as a cell migration niche. We have previously evaluated this robotic technology for high throughput compound screening against cell migration and shown that it consistently returns a Z 0 factor of greater than 0.7, demonstrating its quality and robust performance. 27 Using this migration technology, our screening identified several natural compounds that effectively blocked motility of cells. Subsequent molecular analysis showed that phytochemicals interfered with dysregulated kinase signaling and scavenged excessive intracellular free radicals in TNBC cells. Overall, phytochemicals may offer a new source of anti-cancer drugs with the potential to block metastatic disease by inhibiting cancer cell migration. Our robotic high throughput technology will allow screening libraries of phytochemicals to identify effective compounds for subsequent validation studies in animal models.
Materials and methods

Preparation of aqueous two-phase system
Our cell migration assay utilized a polymeric aqueous two-phase system (ATPS) with 10.0% (w/v) polyethylene glycol (PEG), M w 35 K, (Sigma-Aldrich) and 12.8% (w/v) dextran (DEX), M w 500 K, (Pharmacosmos), as phase-forming polymers. 26, [28] [29] [30] Both polymeric solutions were prepared with phenol red-free complete growth medium one day prior to experiments. To facilitate dissolution of polymers, solutions containing polymers were vortexed and incubated in a water bath at 37 1C for one hour. The solutions were stored at 4 1C. While the DEX phase solution was used at this concentration, the aqueous PEG phase was diluted to 5.0% (w/v) after mixing with cells, as explained below.
Cell culture
We used two tumorigenic, mesenchymal-like TNBC cells, MDA-MB-231 and MDA-MB-157, originally derived from pleural fluid. 31 Both cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% glutamine, and 1% antibiotic. One passage prior to migration experiments, phenol red-free DMEM was used to culture cells. Cells were cultured in T75 flasks in a humidified incubator at 37 1C with 5% CO 2 until they formed a monolayer about 90% confluent. Then, cells were dislodged using 4 ml of a Hank'sbased enzyme-free cell dissociation buffer (Life Technologies) for 30 min in an incubator, collected with 4 ml of complete growth medium, and centrifuged down at 1000 rpm for 5 min. After removing supernatant and re-suspending the cell pellet in 1 ml of phenol red-free DMEM, cells were counted with a hemocytometer.
Aqueous two-phase mediated patterning of migration niche
We used an ATPS-mediated cell-exclusion patterning to perform cell migration experiments. 26, 32 Aqueous DEX phase drops of 1 ml volume were simultaneously printed in 96-well plates (Corning) using a robotic liquid handler (SRT Bravo, Agilent), one drop in the center of each well. The plate, covered with its lid, was kept inside a sterile biological safety cabinet for 24 h to allow the drops to dry. This protocol consistently gives dehydrated DEX phase drops of 2.00 AE 0.1 mm diameter. 27 Cell suspensions adjusted to a density of 500 Â 10 3 ml À1 MDA-MB-157 cells and 350 Â 10 3 ml À1 MDA-MB-231 cells were thoroughly mixed with an equal volume of the 10.0% (w/v) aqueous PEG phase. Each well was loaded with 100 ml of the resulting suspension. This addition rehydrated the DEX phase drop. The interfacial tension between the two immiscible aqueous phases prevented the cells from entering into the drop such that cells could only adhere to the well surface around the drop. 26, 33 This resulted in a well-defined cell-excluded gap within a monolayer in each well. 
Preparation of test compounds
We evaluated the potential of ten phytochemicals (Table 1 and  Table S1 , ESI †) against migration of TNBC cells. We note that methyl amooranin is a semi-synthetic compound. Except for methyl amooranin and black currant extract that were synthesized in-house, 34, 35 remaining phytochemicals were commercially available (Table S1 , ESI †). Stock solution for each phytochemical was prepared on the day of the experiment by dissolving the powder in a designated solvent (Table 1) . Each mixture was vortexed to facilitate dissolution of the compound and stored at 4 1C until use. Stock solutions were kept at À20 1C for long-term storage. Working concentrations were diluted from respective stock solutions in complete growth medium prepared with phenol red-free DMEM. All solutions were protected from light.
Cell viability
An AlamarBlue assay (Life Technologies) was used to determine viability of TNBC cells treated with phytochemicals. The Alamar Blue reagent contains an active ingredient, resazurin, which is reduced by metabolically active cells to a fluorescent form, resorufin. The level of fluorescent signal directly correlates with cell viability. TNBC cells were seeded in a 96-well plate and maintained for 48 h in the presence of phytochemicals in the concentration range of 0-1 mM. Then, 10% of the total well volume of the AlamarBlue reagent was added to compound-treated and non-treated (control) cells. After 6 h of incubation at 37 1C, fluorescent measurements were done using a plate reader (Synergy H1M, Biotek Instruments). Only those concentrations from each phytochemical that resulted in a viability of greater than 90% were used for subsequent migration experiments.
Cell migration
TNBC cells were micropatterned in 96-well plates as a monolayer containing a cell-excluded gap. Cells were allowed to migrate into the gaps for 48 h in the presence of different concentrations of each compound. In all experiments, a control condition was set in the presence of culture medium only and without any phytochemical (no treatment). Each condition had 32 replicates. Then, cells were stained with 2 mM Calcein AM (Life Technologies) for 30 min. Each well containing fluorescing cells was imaged using an inverted fluorescent microscope (AxioObserver, Zeiss) equipped with an AxioCam MRm camera (Zeiss). The initial gap area (A 1 ) and final gap area after 48 h of incubation (A 2 ) were computed using a script developed in Matlab (MathWorks). Cell migration was quantified as gap closure = 1 À A 2 /A 1 . Resulting data were plotted versus concentrations of each test compound.
Inhibition of migration at each concentration of a phytochemical was determined using 1 À gap closure.
Immunocytochemistry
TNBC cells were seeded at a density of 1.5 Â 10 4 cells per well of a black-wall 96-well plate and incubated overnight. Cells were treated with 200 mM fisetin, 100 mM resveratrol, and 10 mM of a specific inhibitor of ERK phosphorylation, PD98059 (Life Technologies). Cells were incubated for 6 h, fixed, and stained with primary antibodies for pERK and tERK (Cell Signaling Technology). Protein expression was detected using a fluorescent secondary antibody (Jackson ImmunoResearch). Images of cells were captured from each well maintaining imaging conditions identical for all treatments. Each condition had eight replicates. The fluorescent intensity from each image was measured in ImageJ and an average value was determined for each condition.
Detection of reactive oxygen species (ROS)
Endogenous reactive oxygen species (ROS) levels in TNBC cells with and without treatment with fisetin were measured using an ROS kit (Abcam). 36 This kit contains a fluorescent reagent, 2 0 ,7 0 -dichlorofluorescein diacetate (DCFDA), which is deacetylated to a non-fluorescent compound and then oxidized by hydroxyl, peroxyl and other ROS into 2 0 ,7 0 -dischlorofluorescin (DCF). DCF is excited at 495 nm and detected at 529 nm. TNBC cells were seeded at a density of 2.5 Â 10 4 per each well of a black wall 96-well plate (Corning). Cells were incubated overnight, washed with a 1Â buffer included in the kit, and then stained with 25 mM DCFDA diluted in the 1Â buffer, for 45 minutes at 37 1C. Next, cells were washed once with the 1Â buffer and then 100 ml of fisetin at 200 mM was added to wells. Fresh medium of similar volume without the phytochemical was added to control wells. Cells were imaged at 2 and 4 h of incubation. The fluorescent signal was measured and normalized against control (no treatment). In parallel, cells were treated with 50 mM of tert-butyl hydrogen peroxide provided in the kit to stimulate production of intracellular free radicals.
Statistical analysis
Statistical analysis was performed in Excel using a two-tailed distribution and heteroscedastic student's t-test. For immunocytochemistry studies, p-values were found using a pERK/tERK value from each treatment (fisetin, resveratrol, and inhibitor) compared to the corresponding value from the control condition (no treatment). For cell viability studies, p-values were obtained using viability of cells treated with a phytochemical and the 
Results and discussion
Evaluation of toxicity of phytochemicals to TNBC cells
Prior to migration experiments, dose-dependent cell viability tests were performed with each compound to determine a range of working concentrations that maintain viability of over 90%. Avoiding toxicity to cells was crucial to selectively examine anti-migratory effects of phytochemicals. The duration of these tests and migration experiments was identical, i.e., 48 h. A typical result is shown in Fig. 1 for MDA-MB-231 cells treated with fisetin over a concentration range of 0-1 mM. Cells retained a high viability up to 200 mM treatment. Increasing fisetin concentration reduced cellular viability below 90% with a significant shift between 400-600 mM. Based on this experiment, a concentration range of 0-200 mM was selected to investigate anti-migratory effects of fisetin on MDA-MB-231 cells. These experiments were performed for the entire collection of phytochemicals. We ensured the lack of toxicity from the solvent by evaluating viability of cells treated with the solvent of each compound at its highest concentration. In addition, cells were visually examined to ensure a normal morphology. Table 1 lists the phytochemicals and shows the highest working concentration of each compound used for cell migration experiments.
Inhibitory effects of phytochemicals on migration of TNBC cells
Anti-migratory effect of phytochemicals was evaluated against two TNBC cell lines. Each compound was used in a wide range of non-toxic concentrations determined from the viability tests above. Fig. 2 This comprehensive screening identified compounds that were highly effective against motility of both cells. Fisetin, quercetin, and indole-3-carbinol dose-dependently blocked migration of both TNBC cells. Several compounds including curcumin, methyl amooranin, and resveratrol were highly effective against one cell line and had moderate or no effect against the second TNBC cell line. Remaining phytochemicals, i.e., 6-gingerol, capsacin, black currant extract, and EGCG were only moderately effective or ineffective. To quantitatively evaluate the results and compare the effectiveness of compounds, we defined a metric to determine the concentration of each phytochemical that resulted in inhibition of migration of each TNBC cell by 50% of control condition (no treatment). This metric allows comparing the effectiveness of all ten phytochemicals against each TNBC cell line. For each compound-cell pair, this concentration was identified by curve fitting to data in Fig. 3 (dashed lines) . The results are shown in Table 2 . Only those phytochemicals that reduced migration of at least one TNBC cell by 50% of its control were included. Three compounds that did not meet this criterion were thus eliminated.
Among effective compounds, fisetin was the most promising as it significantly blocked motility of both TNBC cells (Fig. 3a) . Fisetin was particularly potent against MDA-MB-157 cells with a 
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Integr. Biol., 2015, 7, 792--800 | 797 50% inhibitory concentration of 12.3 mM and a maximum migration inhibition of 93 AE 3%. With MDA-MB-231 cells, the required concentration of fisetin for 50% inhibition was 57.7 mM and a maximum inhibition of 78 AE 5% was reached. Both quercetin (Fig. 3b ) and indole-3-carbinol (Fig. 3c) satisfied the metric for 50% inhibition of migration with each TNBC cell line, but at substantially higher concentrations compared to fisetin. Maximum inhibition of migration for each TNBC cell line treated with these two compounds was also lower than that obtained with fisetin treatment. Four of the phytochemicals met the 50% inhibition criterion only with one TNBC cell line. Curcumin (Fig. 3d ) and methyl amooranin (Fig. 3e) were effective against MDA-MB-231 cells. Considering concentrations of compounds, curcumin ranked higher since it only required 9.2 mM to block cell motility by 50% of control and enabled a maximum inhibition of 77 AE 7% at 15.0 mM. Methyl amooranin resulted in a greater maximum inhibition of 89 AE 6% but at a substantially higher concentration of 100.0 mM. Both compounds had only a marginal inhibitory effect on migration of MDA-MB-157 cells.
Treatment with resveratrol ( Fig. 3f ) and 6-gingerol (Fig. 3g ) reduced migration of MDA-MB-157 cells more than 50% of control. Resveratrol was more promising because of a significantly lower 50% inhibitory concentration of 39.3 mM. In addition, it resulted in a maximum inhibition of 79 AE 4% at 100.0 mM, whereas at this concentration, 6-gingerol blocked migration of MDA-MB-157 cells only by 20 AE 5%. Both compounds had a moderate effect against motility of MDA-MB-231 cells. Finally, capsaicin (Fig. 3h) , black currant extract (Fig. 3i) , and EGCG (Fig. 3j) did not satisfy the 50% inhibition metric with either of the two TNBC cells.
This screening study demonstrated the potential of phytochemicals to block migration of metastatic TNBC cells. In particular, compounds such as fisetin and quercetin that were effective against both TNBC cell lines may be broadly useful against migration of metastatic TNBC cells. Our technology provides a unique screening tool to examine this question by validating anti-migratory effects of the compounds against a panel of TNBC cells.
Although both TNBC cells studied here were classified as a mesenchymal-like subtype, 31 several phytochemicals only blocked migration of one of the TNBC cells. This is most likely due to differences in molecular drivers of cell migration in these cells. Furthermore, MDA-MB-157 was originally derived from an African-American patient, whereas MDA-MB-231 was from a
Caucasian patient. Recent studies demonstrated significant differences in mutation of genes and activity of migrationmodulating cellular pathways such as phosphatidyl inositol-3 kinase (PI-3K) and MAP Kinase in these cohorts. 31, 37, 38 Our screening approach enables addressing such potential ethnicspecific differences in cellular responses to phytochemicals by systematic screening of migration of cells from different ethnic groups.
Inhibition of cell migration by short exposure to phytochemicals
To investigate whether continuous, long-term exposure of phytochemicals (such as for Fig. 3 ) is required to block cell migration, we treated MDA-MB-157 cells with fisetin and quercetin at concentrations of 25, 50, and 200 mM for 12 h. Then, phytochemical solutions were washed out and replaced with culture media. Migration experiments continued for 48 h. Next, cells were fluorescently stained and imaged for analysis of migration. Fig. 4 shows the results from short exposure of cells to both phytochemicals and compares it with those from long exposure experiments. Only a 12 h exposure to fisetin and quercetin reduced cell migration dose-dependently at levels similar to those from long exposure experiments. Therefore, anti-migratory effects of phytochemicals last even after removal of compounds, at least with these two compounds and within the timeframe of our experiments.
Phytochemicals downregulate phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2)
ERK 1 and 2 are protein kinases in the Ras/Raf/MEK/ERK (MAPK) signal transduction pathway and regulate a variety of processes including cell migration. 39, 40 Binding of mitogens and growth factors to cell surface receptors such as EGFR and IGFR activates this pathway to phosphorylate ERK1/2 ( pERK). pERK catalyzes phosphorylation of various nuclear substrates including regulatory molecules and transcription factors that lead to increased cell motility and invasiveness. [41] [42] [43] Recent molecular analyses show increased activity of MAPK pathway in TNBC cells. 37, 44, 45 In human breast cancer cells, the activity of ERK1/2 was necessary for re-assembly of stress fibers, which are involved in the extension of cell protrusions and the translocation of the cell body, disassembly of adhesions at the cell front, and rear retraction of cells during migration. 46 Inhibition of ERK phosphorylation by PD98059, a specific inhibitor of the upstream kinase MEK, blocked cell migration in a concentration-dependent manner. 39, 47 We examined whether blocking of TNBC cell migration by phytochemicals was due to inhibition of phosphorylation of ERK. Both TNBC cells were treated with fisetin, resveratrol, or PD98059. Levels of pERK and tERK were determined from images of immunostained cells and normalized with respect to number of cells in each image known from nuclear staining of cells. The ratio of pERK/tERK was found for each condition (Fig. 5) . MDA-MB-231 cells showed substantially higher levels of ERK activity compared to MDA-MB-157 cells. Treating MDA-MB-231 cells with fisetin and resveratrol inhibited ERK1/2 phosphorylation by about 45% and 62% of the control, respectively. With MDA-MB-157 cells, fisetin treatment reduced pERK levels by 40%, whereas resveratrol inhibited ERK1/2 phosphorylation by 55%. These results demonstrate that phytochemicals downregulate ERK1/2 activity and attenuate pERK-induced signaling in TNBC cells. With both cells, resveratrol has a stronger inhibitory effect against ERK1/2 phosphorylation. However, considering that fisetin blocked migration of both cells to a greater extent compared to resveratrol (Fig. 3) , it is conclusive that signaling molecules other than ERK1/2 also regulate motility of TNBC cells. We confirmed this conclusion by conducting a migration experiment with MDA-MB-231 cells in the presence of PD98059. Treatment of cells with 10 mM PD98059 reduced cell migration by 29 AE 9% of control, whereas at this concentration, PD98059 reduced pERK/tERK levels by B77% of control. A detailed molecular analysis is required to gain a complete understanding of the role of inhibitory effects of phytochemicals on signaling molecules, particularly in MAPK and PI-3K pathways, modulating cell migration.
Phytochemicals scavenging of reactive oxygen species (ROS)
Cancer cells, including TNBC, have high levels of intracellular free radicals such as reactive oxygen species (ROS) beyond the capacity of endogenous antioxidative defense mechanisms to detoxify them. 48, 49 ROS cause DNA damage and increased activity of MAPK and PI-3K signaling pathways that lead to activation of transcription factors driving cell motility. 50, 51 Deregulated kinase signaling, which is prevalent in TNBC, also leads to excessive production of intracellular ROS. 52 This vicious cycle involving sustained oxidative stresses and upregulated kinase signaling significantly aggravates the metastatic phenotypes of TNBC cells. Phytochemicals are natural antioxidants with the ability to scavenge free radicals. 22 In a proof-of-concept study, we treated MDA-MB-231 cells with fisetin and measured the reduction of ROS compared to two control conditions, no treatment and H 2 O 2 treatment (Fig. 6 ). Fisetin eliminated intracellular ROS by up to 77% of control only after 2 h of treatment. On the other hand, H 2 O 2 stimulation of cells increased the production of ROS by 46% from the base level. The effects were maintained at 4 h of detection time point, albeit with slight changes. Taken together with the downregulation of ERK1/2 phosphorylation, these data suggest that phytochemicals disrupt the elevated kinase signaling -ROS production cycle in TNBC cells. Overall, this systematic high throughput screening demonstrated the potential of phytochemicals to inhibit or reduce the migration of metastatic TNBC cells. Importantly, anti-migratory effects of these compounds were achieved at non-toxic concentrations. This investigation provided a framework for future studies in several directions. Our collection of ten phytochemicals included compounds such as fisetin and quercetin that potently blocked migration of both MDA-MB-231 and MDA-MB-157 cells, whereas compounds such as methyl amooranin and curcumin were more effective against one cell line. Screening of these compounds against a panel of TNBC cell lines will determine how broadly specific phytochemicals inhibit motility of TNBC cells. Considering that these two cell lines were originally derived from patients of different ethnicities (MDA-MB-231 cells from a Caucasian patient and MDA-MB-157 cells from an African-American patient), selecting TNBC cells from different ethnic groups for this screening will elucidate whether certain phytochemicals may have ethnic-specific effects on blocking motility of cancer cells. Our molecular analysis using both TNBC cells treated with fisetin and resveratrol showed that both compounds have inhibitory effects against phosphorylation of ERK1/2, which is a major driver of cell migration. Nevertheless, fisetin that blocked cell migration more effectively than resveratrol was less potent against ERK1/2 phosphorylation, indicating involvement of other signaling molecules. A comprehensive protein expression analysis in migration-modulating pathways such as PI-3K and MAPK is necessary to identify molecular targets of phytochemicals. In addition to these in vitro studies, establishing that phytochemicals have preventive effects against cancer metastasis may lead to a new source of chemotherapy agents. This is supported by several recent studies that show specific phytochemicals prevent chemically-induced tumor formation and metastasis in animal models. [16] [17] [18] [19] [20] [21] 
Conclusion
We utilized our high throughput cell migration technology and conducted a comprehensive screening of anti-migratory effects of ten phytochemicals against triple negative breast cancer cells.
This high throughput screening identified compounds that effectively blocked migration of cells at non-toxic concentrations and in a dose-dependent manner. Anti-migratory effects of phytochemicals were maintained even with a short treatment and after removing them from cultures. Protein expression analysis showed that phytochemicals significantly inhibit phosphorylation of ERK1/2 that is a driver of migration of metastatic cancer cells. In addition, these natural antioxidant compounds effectively scavenged intracellular reactive oxygen species found at excessively high levels in cancer cells. Given the key role of cell migration in cancer metastasis, upregulated kinase signaling, and presence of excess free radicals in cancer cells, the use of phytochemicals as chemotherapeutics may prove effective in downregulating malignant cell phenotypes and blocking metastasis.
